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Introduction
In terms of occupied land area and provision of services, high-rise multi-unit residential buildings (MURBs) are considered an efficient housing type. However, due to the energy intensity and sheer number of these buildings in large urban areas such as Toronto, Canada, MURB energy-use also has a significant negative impact on greenhouse gas emissions in cities [1] . While Toronto will be used as the context for this study, many urban regions around the world that rely heavily on MURBs for housing stock face similar challenges. One reason why MURBs have high energy intensities is related to space conditioning. Many of these buildings, particularly those constructed in the 1960s and 1970s, are heated with perimeter hydronic or electric radiators and feature a pressurized-corridor ventilation system. Controlling interior conditions in these buildings can be challenging due to the adverse effects of leaky envelopes exacerbated by stack and wind pressure differences that lead to ineffective corridor pressurization. As a result, in an attempt to regulate their suite temperature in this centrally-controlled system, occupants will often open their windows during cold weather periods [2] .
In order to save energy, other strategies for delivering heating, cooling and ventilation air to building occupants are being adopted. One of these strategies is to use suite-based equipment which is preferred by both occupants and property managers alike [3] . Suite-based systems can provide better occupant control of the interior environment.
As well, suite-based systems present an opportunity for shifting direct financial responsibility for energy-use from the building owner to the individual occupants. When paired with compartmentalization, or air sealing between suites and corridors, further benefits of suite-based space conditioning can be realized. These include improved fire safety and reduced effects of stack pressure differences and the associated uncontrolled air leakage [4] . In contrast with a typical central HVAC system, where the building is conditioned to a single minimum set point temperature, suite-based systems can also save energy by delivering energy only when and where it is needed.
With the emergence of suite-based equipment in new construction, and the fact that central HVAC systems in many older existing MURBs are reaching the end of their service life, there is an opportunity to replace electric resistance heaters or hydronic baseboard systems and the associated central boilers and pumps with more energyefficient suite-based systems. 3 One such system incorporates air-source heat pumps (ASHPs). Located in individual suites, these heat pumps can be as installed as a retrofit strategy to provide demand-based space conditioning. ASHPs are typically used for heating in more moderate climates than Toronto (average annual heating degree days for the period 2010-2012:
3550 Heating Degree Day (HDD), base 18°C [5] ) since the coefficient of performance (COP) declines as the outdoor temperature decreases [6] [7] . In order to maintain efficient operation of the ASHP on the coldest days of the year, the evaporator coils must somehow be kept warmer. One opportunity, unique to MURBs, is to make use of the existing balcony space as a Thermal Buffer Zone (TBZ). By enclosing the unconditioned balcony, a volume of air, heated by passive solar gains and heat losses from the apartment, can be used to increase the COP of the ASHP.
The work presented here explores how this alternative use of ASHPs operating in cold climates may be able to take advantage of an often underutilized architectural feature: the MURB balcony.
Objective
The aim of this study was to determine the performance benefits of operating an ASHP in a TBZ created by an enclosed balcony space. However, in a relatively small, enclosed space, the compressor unit may significantly draw down the temperature of this zone, so the limitations of this approach were also investigated.
Previous work
In the moderate climates of Europe and Asia, ASHPs are already a popular means of providing energy-efficient heating and cooling [8] . ASHPs have not been widely adopted in colder climates because of significant reductions in the capacity and COP during cold weather. However, the potential for energy savings associated with ASHP use in colder climates has prompted many researchers to investigate how this performance can be improved. Roth et al. described the strategies used to improve ASHP performance for cold climates [9] , including increasing outdoor coil capacities, the use of CO2 for refrigerant, and the use of multiple or modulating compressors, among others. This study also included a comparison of the modeled performance of an ASHP to the performance of a natural gas furnace in various locations with the following annual heating-degree days: 4200°C·days, 3200°C·days and 2600°C·days. Depending on furnace efficiency, little or no primary energy consumption savings were found, but in some cases, energy cost savings resulted. This study did not include a discussion of the potential CO2 emission reductions associated with switching from natural gas to electricity, which could be viewed as a significant benefit in cities such as Toronto.
Another study [8] showed energy savings of up to 70% when the performance of an ASHP was compared to electric resistance heating in an apartment. This more direct comparison between electricity-consuming heat sources illustrates the potential energy savings in the study location (3000°C·days) and is an encouraging prospect for electrically-heated buildings.
Bush et al. conducted laboratory testing of three ASHPs: a single-speed unit, a variable-speed unit and a variablespeed unit designed for low-temperature conditions [6] . They found that, at temperatures as low as -15°C, the rated capacity maintained by the low-temperature unit (70%) was significantly higher than the rated capacity maintained by the single-and variable-speed units which were 30% and 55%, respectively. Given the focus on cold climate ASHP performance, a low-temperature variable-speed ASHP was selected for testing in the current study.
In addition to performance testing, there have been many studies suggesting modifications to current ASHP technology to improve cold climate performance. Abdelaziz and Shen described the benefits of multi-stage vapour injection compression cycles for cold climate operation and used an optimization model to suggest changes to capacity and air flow rates for improved performance [10] . Guoyuan et al. developed a prototype of an ASHP with sub-cooling via a supplementary refrigerant circuit which achieved a COP of 2.3 at an ambient temperature of -15°C [11] . Later, Guo-Yuan and Hui-Xia showed that an ASHP with a flash-tank could have a higher efficiency than an ASHP with a sub-cooler [12] . Most recently, Jiang et al. showed that the cold temperature performance of an ASHP could be improved by spraying the outdoor unit coils with a glycol solution to prevent frosting [13] .
Researchers have also investigated pairing solar collectors with air-to-water heat pumps to supplement performance as cited by Liang et al [14] . Liang et al. also built and tested a solar-assisted heat pump that reduced heat pump energy requirements by 10% over a heating season with a 40m 2 solar panel.
The motivation behind the work presented here was not to modify an existing ASHP design but rather operate an 'off-the shelf' ASHP in an innovative way by moving the outdoor unit into a TBZ in order to take advantage of solar gains and the heat gain from zones adjacent to the TBZ.
Passively, gathering solar gains in a TBZ has been investigated by Hix [15] through his Alpha house and Smith [16] through his "Thermal Envelope House." Both of these systems rely on natural convective loops to transport heat.
This concept for detached single-family homes was adapted by Pressnail et al. [17] when they introduced the operation of an inter-zonal heat pump to transfer heat from the TBZ to the occupied zone. Dixon et al. [18] furthered this work by developing a more robust model in the building energy simulation software EnergyPlus.
They demonstrated that COPs of greater than 3.5 could be achieved by operating the compressor in the TBZ.
Stahlbrand and Richman [19] modeled the convective loop generated within a TBZ surrounding a detached singlefamily home using computational fluid dynamics to determine how the location of the ASHP in the convective loop impacted the COP. Thus far, the TBZ/ASHP research at the University of Toronto and Ryerson University has focused on single-family home applications and modeling of the ASHP operation. This study extends the work done to date by conducting laboratory testing of the ASHP in a TBZ and developing a calibrated energy model of the ASHP performance. Additionally, the TBZ/ASHP concept is applied for the first time to a common urban building type in need of retrofit: the high-rise MURB.
Approach
Since Toronto is a heating-dominated climate, the focus of this investigation was on the performance of the ASHP system during winter conditions. In the first part of the study, the baseline "exterior" performance of the ASHP was established by testing it at a range of cold ambient temperatures in a laboratory climate chamber. Then, the ASHP was tested in a TBZ to observe how the TBZ temperature was drawn down by the ASHP operation and the associated changes in COP and power draw were compared to the baseline performance. Next, these TBZ tests were repeated by supplying different rates of heat gain to the TBZ using electric resistance heaters. The different heat supply rates were used to simulate varying levels of sensible heat gain to the TBZ from solar gains and heat gains from the adjacent apartment.
The second part of this study involved the development of an energy model calibrated using the laboratory results in order to simulate the performance of the ASHP operating in the TBZ. 6 
Laboratory Testing
This section outlines the laboratory set up including the construction of various zones, the selection of HVAC and control equipment, and an explanation of the test procedure.
Laboratory apparatus
Testing of the ASHP in a TBZ required construction and instrumentation of five different zones in the climate chamber of the Building Science Laboratory at the Department of Civil Engineering, University of Toronto, as shown in Figure 1 .
A model apartment unit with an adjacent enclosed balcony was constructed. A Warm Room zone surrounding the Apartment was maintained at the same temperature as the Apartment (23°C ±1°C). In this way, the Warm Room facilitated the measurement of the heat required to maintain the Apartment set point temperature. By maintaining the Warm Room at the same temperature as the Apartment, any heat that was added to the Apartment only flowed between the Apartment and the Balcony.
The bounds of the climate simulator constrained the zone sizes, particularly the Apartment. So, while the Balcony dimensions (2.5m by 1.4m) were based on those of a typical Toronto MURB, the Apartment was much smaller than an actual apartment. The wall area of the apartment adjacent to the balcony was 5.5m 2 compared with the wall area of an example two-bedroom apartment which was exposed to the exterior (33m 2 ). This resulted in Apartment heating loads which were significantly less than a typical two-bedroom apartment in Toronto. More realistic Apartment heating loads were generated by providing a balanced air exchange between the Apartment and the Cold Room. In other words, the heating load was artificially increased by introducing a chilled air stream into the Apartment. To do this, a modified energy recovery ventilator (ERV) was installed in the Apartment. The ERV was modified by removing the core and then constructing two ducts. One duct ran from the Cold Room air inlet to the Apartment supply air outlet and one duct ran from the Apartment return air inlet to the Cold Room exhaust air outlet. Air flows in the two ducts were balanced to minimize uncontrolled air leakage between zones.
Using the maximum ERV fan speed of 61L/s, Cold Room air was supplied to the Apartment. Depending on the Cold Room temperature, this resulted in an estimated increase in the Apartment heating load of between 1kW to 1.6kW. For comparison, the two-bedroom apartment on which the laboratory apparatus was based would lose about 1.3kW at an exterior temperature of 1°C (based on 18.5m 2 of remaining exposed wall area after enclosing the balcony). Therefore, this approach was thought to reasonably represent the heating load of the larger space in an actual apartment. Additional transmission losses from the Apartment to the Balcony were estimated to be between 0.1kW and 0.5kW depending on the Balcony temperature during each particular test. Thus, the combination of transmission losses and the balanced supply of cold air led to an Apartment heating load that varied between 1.1kW and 2.1kW. The indoor unit of the ASHP, shown in Figure 2 , was located in the Apartment to meet these heating loads. The rated capacity range of the ASHP in heating mode was between 1.3kW and 3.52kW [20] .
A guard box surrounding the outdoor unit of the ASHP, as shown in Figure 3 , was constructed to dampen the effects of the climate chamber chiller cycles on the ASHP compressor. During the original experimental design and planning stages, following the baseline performance tests, the outdoor unit was to be moved from the guard box into the Balcony zone adjacent to the Apartment zone. However, after construction and installation of the ASHP, it was decided that, in order to minimize movement of the refrigerant lines, the compressor would remain in the guard box for all of the tests. Therefore the guard box also served as a model TBZ. Note that, as the guard box is separate from the Apartment as shown in Figure 1 , the operation of the outdoor unit of the ASHP did not directly affect the temperature of the Balcony or the magnitude of the Balcony heat gains from the Apartment. For the remainder of this paper, the term "TBZ" will refer to the zone created by the guard box surrounding the outdoor unit of the ASHP. The limitations of this approach are discussed in Section 5.
Equipment Selection
This section outlines the specifications of the ASHP tested as well as all other temperature control and metering equipment used to determine the ASHP performance.
ASHP
A ductless mini-split ASHP was chosen because, in a retrofit scenario, refrigerant lines are easier to install than new duct work. A variable-speed low-temperature ASHP with a swing compressor was selected. The ASHP was 8 manufactured by Daikin Industries Ltd., and has a rated COP of 4.46 in heating mode [20] . According to the manufacturer's specifications, the rated COP was determined using a flow rate of 198L/s. However, operating the ASHP with this air flow rate resulted in excessive cycling because the relatively small Apartment heating load was met quickly, even after maximizing the delivery of Cold Room air using the modified ERV. Therefore, the indoor unit fan of the ASHP was operated at the low speed setting (85L/s) so that longer periods of steady state behaviour could be observed. Thus, for all laboratory tests, the ASHP was operated on the low fan speed which, in turn, contributed to a lower COP than specified by the manufacturer. However, the purpose of the laboratory testing was not to verify the manufacturer's COP but rather to explore the effect on COP of the ASHP operation in an enclosed space. The ASHP set point temperature was adjusted between 23.5°C and 25°C in order to keep the apartment zone temperature as close to 23°C as possible for all of the tests.
Temperature Control Equipment
Various equipment was required to control the temperatures in the test apparatus. This included thermocouples to measure temperature, a data acquisition unit to collect temperature data from the thermocouples, and a computer to process the temperature readings and execute the temperature control algorithms. To provide radiant heat to the zones, electric resistance heaters were controlled by these algorithms. Climate chamber cooling was provided by a chiller located in the Cold Room.
Air temperatures were measured using Type T thermocouples. The thermocouples were calibrated using a Thermoelectric Pronto 200 thermocouple reader which can measure temperatures between -200°C and 400°C and is accurate to ±0.2°C [21] . The thermocouples were located in pairs approximately 0.3m from the ceiling and the floor in various positions throughout each zone. Thermocouples were also located in the air streams of the ASHP and the modified ERV.
A Hewlett Packard data acquisition (DAQ) unit was used to read the thermocouples every 15 seconds and to provide input to a computer program (HTBasic) which controlled relay switches for the fans and heaters in each zone. Average zone temperatures were then calculated and used by the computer program to determine if the heaters should be turned on or off for each 15-second period. Heating was provided by a combination of fans with 9 integrated heaters and radiant baseboard heaters. The integrated fan heaters had a high and low setting of 1230W and 770W, respectively. The baseboard heater had a maximum capacity of 1440W but was connected to a voltage transformer in order to fine tune the heat supplied to the TBZ for each test. Fans were also used to circulate air to promote more uniform zone temperatures. Figure 4 shows a schematic of the control loops that were used to maintain the required zone set point temperatures.
Measuring devices
In addition to the real-time temperature readings required for zone control, the electricity consumption of the fans, the heaters and the ASHP was metered. To minimize uncontrolled air leakage, spot measurements of differential air pressures were taken to ensure that the air pressure was balanced between zones (less than 0.5Pa difference). The magnitude of the air flows from the ASHP and ERV was also measured. Then, these air flow rates were used with the relevant air stream temperatures to estimate the heat delivered to, and extracted from the Apartment zone. Specifications of the equipment used to measure these various parameters are provided in Table   1 .
Test Procedure
The testing began with the establishment of the baseline performance of the ASHP. This was followed by testing to determine how the outdoor unit of the ASHP would perform in a confined space or TBZ. Then, various rates of heat gain were applied to the TBZ to determine the potential COP improvement with the addition of solar gains and apartment heat gains to the TBZ.
The general test procedure was similar to the steady state and cyclic heating mode tests in ANSI/AHRI Standard 210/240-2008: Performance Rating of Air-Source Heat Pump Equipment. As described, for all tests, the outdoor unit of the ASHP was located in the guard box which served as the TBZ, as well.
The base case tests were intended to represent the typical ASHP operation with the outdoor unit operating outside of the building envelope. This condition, where the exterior acts as an infinite heat source or sink, was achieved by maintaining a constant TBZ temperature during compressor operation. A fan drawing Cold Room air into the TBZ and a heater located in the TBZ, as shown in Figure 3 , operated alternately to maintain this steady TBZ temperature (see Control Cycle 1 in Figure 4 ).
After establishing the baseline ASHP performance, further tests were used to explore how the ASHP would perform while operating in a limited heat source or sink environment such as a TBZ. Tests were conducted with no heat added to the TBZ to simulate the case with no solar gains. Then, different constant rates of heat gain were applied to the TBZ to simulate varying levels of solar heat gain. Figure 5 shows the rates of heat gain applied to the TBZ in each group of Cold Room temperature tests. For comparison, it also shows the average rate of heat applied to maintain a steady TBZ temperature during the baseline testing.
To determine the ASHP performance in each test, power meter and air temperature readings were collected along with periodic air flow measurements. The availability of these data allowed for the calculation of the instantaneous COP of the ASHP using Equation 1. 
Laboratory results
Tests were carried out in order to investigate how an ASHP would perform with the outdoor unit located in an enclosed space. It was not known how a rapid change in the temperature of the TBZ would affect the COP. In an effort to characterize the ASHP performance in a TBZ, COPs were first calculated using Equation 1 and the methods described in Section 3.1. Then, the influence of the TBZ temperature (Section 3.2), the heat gain rate (Section 3.3) and the Apartment heating load (Section 3.4) on the COP were assessed. Finally, ASHP power trends were explored in Section 3.5 where the influence of TBZ temperature on power draw is presented.
Calculation of COP
Variable-speed ASHPs have a control algorithm that varies compressor and fan speeds with changing conditions. Therefore, truly steady state tests can be only conducted with the aid of a controller provided by the manufacturer. This controller can be used to override the ASHP control algorithm and operate the compressor and fan at a constant speed for the test period. In this study, without access to the manufacturer's controller, attempts were made to determine the Steady State COP during periods when the variable-speed compressor of the ASHP operated at a relatively constant speed. These periods were identified by determining regions when the rate of energy consumption was relatively constant, as denoted by the shaded regions in Figure 6 .
However, during the course of each test, the "steady state" periods were often short and infrequent. These irregular power consumption patterns meant that choosing a steady state period from the test data was not a simple task.
The Steady State COP was determined from the average of the instantaneous COPs, calculated using Equation 1, from each five-second interval in a given steady state period. The average of the instantaneous COPs from the steady state section was then determined. While attempts were made to choose the most representative steady state period, power consumption irregularity meant that even within a 'steady state' section, the instantaneous COPs varied between 0.2 and 0.36 standard deviations from the mean.
The magnitude and frequency of the variations in power consumption were primarily attributed to oscillation between the compressor speeds required to maintain the set point temperature. Other, larger variations were attributed to compressor cycling when the set point temperature was reached or when defrosting of the outdoor unit was required, as confirmed by the zone temperature readings. This cyclic operation is more representative of actual operation, and thus it was the primary interest for this investigation.
To assess ASHP performance during the entire test period including periods of cycling, an Overall COP was developed. The Overall COP was calculated by dividing the total heat delivered by total power drawn over the entire test period. This is similar to the way a heating seasonal performance factor (HSPF) is calculated. Unlike the HSPF, the Overall COP is presented with the same units (kW) in both the numerator and the denominator. The
Overall COPs will be compared to the Steady State COPs in Section 3.2.
Influence of TBZ Temperature on COP
In heating mode, the COP of the ASHP increases when the temperature to which the outdoor unit is exposed increases. This is because there is more energy available for transfer from the outdoor unit to the indoor unit. the period immediately after the compressor had switched off. By observing the temperature of the supply air after the compressor had switched off, it appeared that the refrigerant was still circulating and thus delivering heat for a short period when there was no power draw from the ASHP. With no power draw, and yet with heat still being supplied, the instantaneous COP increased dramatically, approaching infinity during these short periods.
However, there are some differences between the Overall and Steady State COPs. The steady state data, as shown in Figure 7 , exhibit greater variation. This may be attributed to the difficulty in choosing steady state periods for some of the tests.
As discussed, the rated COPs from the manufacturer were determined using an indoor air flow rate of 198L/s [20] while the laboratory tests were conducted at a lower fan speed of 85L/s, for reasons outlined in Section 2.2.1.
Therefore, as expected [26] , the reduced airflow during the laboratory testing reduced the heating capacity of the 13 ASHP and the resulting COP. However, the rate of change in COP with increased exterior temperatures is almost identical to the manufacturing data as shown by the equations of the lines of best fit in Figure 7 .
As the purpose of this investigation was not to determine the absolute COPs but rather the incremental improvements in COP with the changing temperature of the TBZ, the difference in the COP values between the laboratory data and the manufacturer's test data is not of concern. The computer energy model, described in the sections that follow, has been calibrated to the COP trend generated by the laboratory data. However, since the rate of change of the COP with temperature is the same as shown in Figure 7 , the rated COP in the model can simply be adjusted as needed for future modeling efforts.
Overall, regardless of which measure of COP one chooses, Figure 7 reveals that the change in TBZ temperature had the anticipated effect on the coefficient of performance of the ASHP.
Influence of TBZ Heat Gain Rate on COP
By operating the ASHP in a TBZ, the temperature of the enclosed space is drawn down as heat is extracted. Gains to the TBZ such as those from the sun can offset this temperature decline. However, if heat is extracted at a rate faster than it is replenished, the temperature of the TBZ will drop below the exterior temperature and thus, there would be no advantage to operating the ASHP in the TBZ. To determine the frequency of this condition, the test results were examined to determine the TBZ heat gain rate and associated TBZ temperature at which the ASHP COP was improved compared to operation at ambient outdoor conditions. Figure 8 shows the TBZ heat gain rate at which it becomes advantageous to operate the ASHP when the average Cold Room temperature is 1°C. This heat gain rate, where operating the ASHP in a TBZ becomes advantageous, can be found by determining the point where the TBZ temperature is equal to or greater than the exterior or Cold Room temperature.
The secondary y-axis in Figure 8 This analysis was repeated for all of the tests conducted. For Cold Room temperatures above -5°C, it was more advantageous to operate the ASHP within the TBZ when the rate of heat gain is between 830W and 1000W.
However, at -10°C, it was more advantageous to operate the ASHP within the TBZ when the rate of heat gain is 740W.
To provide perspective, these results are put into the context of the amount of solar heat gain received by the Toronto MURB on which the balcony zone was modeled. Assuming the balcony enclosure had a glazed area similar to the existing exterior wall (2.5m 2 ), the window between the exterior and the balcony space on the south side of the building would receive at least 740W of solar gains for 18% of the heating season hours and at least 1000W for 8.8% of the heating season hours. In other words, it would only be advantageous to operate the ASHP within the TBZ during these times. However, the assumed 2.5m 2 window size on which this calculation is based is rather modest. In reality, the glazed part of the balcony could be extended from floor to ceiling to maximize solar gains thereby potentially doubling the estimated number of hours for which operation of the ASHP in the TBZ would be beneficial.
As expected, the COP of the ASHP increased with heat added to the TBZ. With the fenestration ratio contemplated here, the proportion of time that operation of the ASHP in the TBZ is advantageous is limited. While the aim of this work is not to optimize the balcony enclosure design, there is potential for further improvement in performance with changes to the glazing area.
Influence of Apartment heating load on COP
With the balanced air exchange between the Apartment and the Cold Room, variations in the Cold Room temperature led to changes in the Apartment heating load. To determine the influence, if any, of changes to the Apartment heating load on the COP, tests with similar TBZ temperatures were compared with different Apartment heating loads. By comparing groups of similar TBZ temperatures, the effect of different ambient temperatures on the compressor could be minimized. As expected, for a given TBZ temperature, the magnitude of the Apartment heating load does not have a significant impact on the COP because the variable-speed compressor is able to adjust to a range of heating capacities. However, in an actual application, the ASHP capacity must be appropriately selected for the range of heating loads required for the particular space.
Power consumption variance
The variability in power consumption observed during testing, which perhaps indicates frequent oscillation between compressor speeds, was unexpected and required investigation. With the compressor operating in the TBZ, two factors were thought to influence the ASHP power consumption variance: the average TBZ temperature and TBZ temperature variance. A multi-variable regression analysis was conducted to determine how each of these parameters affected the power consumption variance. The equation for the curve that relates these parameters is shown in Equation 3 with an adjusted coefficient of determination (R 2 ) value of 0.47. As expected, the variance of the ASHP power consumption is positively affected by variance in TBZ temperature, since the compressor speed must adapt to changes in the TBZ temperature. However, it is important to note that the TBZ temperature changes are actually caused by the compressor operation, so these variables are interdependent. Additionally, there is a negative correlation between the TBZ temperature and the power consumption variance, indicating that the power consumption is more variable as the TBZ temperature drops.
Furthermore, by observing the magnitude of the impact of each term on the power consumption variance, it is evident that the fluctuation of the TBZ temperature appears to affect the ASHP power consumption variance more than the absolute temperature of the TBZ.
This relationship between temperature, temperature variance and power consumption variance will be different for other ASHP models because the control algorithm, which is unique to each model, will dictate how the compressor responds to changes in the operating conditions.
To further explore this relationship, Figure 9 shows the influence of TBZ temperature on the variance of the ASHP power consumption. At the outset of the testing, it was suspected that the ASHP power consumption would be more erratic during tests where the TBZ temperature was drawn down by the compressor operation. It was thought that these rapid temperature drops would cause the compressor to change speeds frequently. In reality, the tests, where no heat was added to the TBZ and where the greatest temperature draw down was observed, exhibited the highest variances in each Cold Room temperature group, but not the highest variance overall. This indicates that absolute TBZ temperature is a contributing factor in addition to TBZ temperature variance. This was confirmed by the multivariable regression analysis presented above. Conversely, it was believed that the tests where the TBZ temperature was kept reasonably constant would result in the most steady state compressor operation as indicated by power consumption variance. However, the tests with a steady TBZ temperature did not exhibit a lower power consumption variance than the other tests in each Cold Room temperature group. This reveals that operating the compressor of the ASHP in a confined space does not appear to significantly increase compressor speed oscillation or cycling.
Energy modelling
Analysis of the laboratory test results in Section 3 provided insight into how to best calibrate an energy model. In this section, an energy model was developed and calibrated so that the laboratory results could be incorporated into a whole-building simulation in the future. By developing such a model, an ASHP operating in a TBZ could be modeled to determine the impact of this proposed retrofit option on the energy consumption of an entire building. The building energy simulation program EnergyPlus was selected to model the laboratory testing conditions, primarily because code modifications to allow a heat pump to function between two zones had already been developed [18] .
This section begins with a brief discussion of the code modifications followed by details of the model set up. Then, the model calibration technique is outlined. Finally, a comparison of the modelling results to the laboratory data is presented. 
Code modifications

Model set up
The energy model was constructed as a simplified version of the laboratory set up with three adjacent zones, as shown in Figure 10 . The thermal resistance values shown here were determined following calibration of the model described in Section 4.3. The ceiling and floor of each zone was assumed to be adiabatic.
In the model, two thermostats were used: one in the Apartment to control the ASHP and one in the TBZ to control the electric resistance baseboard heater. The capacity of the electric resistance heater in the TBZ was then modified to match the metered energy consumption from the actual TBZ heaters in the laboratory during each particular test. However, all laboratory tests were operated at a constant interior air flow rate. Therefore, once the model was calibrated, the difference between these curves is negligible because the air flow rate does not change. The only issue here is that the model input air flow determined by calibration may not be the same as the flow rate measured in the laboratory.
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The most significant concern was the substantial difference between the single-and variable-speed air temperature-EIR relationship over the range in temperatures shown in Figure 11 . Essentially, the COP of the variable-speed ASHP was less affected by exterior temperature than the single-speed ASHP. Recognizing that the performance of the single-and variable-speed ASHPs near the intersection of the two lines would be similar, the laboratory test series with a TBZ temperature range that centred around this intersection (the 1°C test series) was chosen for the model calibration. Ideally, the model would have been calibrated with all of the laboratory data, but without a variable-speed model, full calibration of the model was not possible at the upper and lower extremes of the range of temperatures tested. While less than ideal, the calibration was still carried out for illustrative purposes. An alternative strategy will have to be developed for future modeling efforts including development of a whole-building model.
Model Calibration
To begin calibrating the model, all known data were entered into the model including the Apartment and Cold
Room temperatures as well as the TBZ heat gain rates. The Apartment temperature from the laboratory testing data was incorporated into the thermostat schedule. Also, a custom weather file was generated from the laboratory temperature data so that the conditions in the model were the same as the conditions in Cold Room.
The rate of heat applied by the TBZ heaters, shown in Figure 5 , was determined from the electricity metering during the laboratory testing, as described in Section 4.2.
The model variables including infiltration, wall conductivity and ASHP coil capacity as well as rated COP were adjusted until the modeled data approached the measured test data including ASHP power consumption, air temperatures, and heat gain and loss rates. The calibration process involved a trade-off between matching the model to the measured COP or the TBZ temperature. Priority was placed on calibration to the COP because this parameter would have the greatest affect on building energy-use in future modeling efforts.
During the calibration process key parameters were extracted from the model results and compared with the available laboratory data. Following calibration, the ASHP parameters that yielded the best fit to the laboratory data were a rated heating capacity of 2200W and a rated COP of 2.7.
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Model results compared with laboratory results
Once the model was calibrated with one test, all remaining test data from the 1°C series were compared to the model to determine if the changes in zone temperature and COP could be accurately predicted. As shown in Figure 12 , the model was able to reasonably predict the Balcony temperature. As discussed in Section 2.1, the Balcony was not used for its originally intended purpose: a TBZ in which the ASHP could operate. Instead, the temperature of the Balcony zone simply floated between the Apartment and Cold Room temperatures. The temperature of the actual TBZ, or guard box, however, was not accurately predicted by the model. The TBZ temperatures were overestimated with increasing rates of heat added to the zone.
This could be due to the small volume of air and the associated complex heat transfer relationships in the TBZ space. Generally, the model results from the colder conditions appear to match the laboratory COP data well.
However, in warmer temperature tests, the model underestimates the COP, as shown in Figure 13 . To address this deviation in the warmer temperature region, review and refinement of the source code is required. Nevertheless, the model data reasonably matched the laboratory results in the colder temperature region, which is the focus of this study.
Discussion and Recommendations
The work presented here was comprised of two main parts: laboratory testing of an ASHP operating in a TBZ and then the calibration of an energy model of the laboratory apparatus using the data collected. This section first discusses some of the sources of error in the laboratory work and opportunities to refine the results with future testing. This is followed by a discussion of how the results of the laboratory work can be applied. Finally, the energy modeling challenges are summarized.
Despite attempts to extract "steady state" periods from the test data, the ASHP power consumption was not constant during these periods. In a given "steady state" period, the compressor still appeared to oscillate between speeds as indicated by the ranges of power consumption within each steady state period (from 25W up to 400W).
Obtaining a controller from the manufacturer would likely result in steady state tests with more constant compressor speeds. This would have allowed for calculation of a true steady state COP. Without such a controller and the ability to determine true steady state behaviour, the Overall COP is the best measure of COP performance.
Had additional data such as refrigerant flow rates been collected, alternative parameters such as the ratio between exergy destruction and total exergy input to the ASHP could have also been determined [28] .
If a larger artificial heating load had been applied to the Apartment zone, the indoor fan speed and set point temperature could have been set higher in order to observe more realistic COPs. This would have also increased the capacity of the ASHP. In the current work, most of the testing occurred at the lower end of the capacity range for this particular ASHP resulting in a lower estimate of the COPs compared to those that could be expected in an actual apartment application.
The overall objective of the laboratory testing was to show whether or not the COP of the ASHP could be improved by locating the outdoor unit in a TBZ. In Section 3.3, it was shown that the impact of a TBZ on the COP of an ASHP is positive if the TBZ is warmer than the exterior temperature and negative if the TBZ is colder than the exterior temperature. In order to maximize the benefit and eliminate the penalty of operation within a TBZ, the ASHP could be designed to extract heat from either the TBZ or the exterior as needed. One possibility would be to supply air to the outdoor unit using a split duct, with one side drawing air from the TBZ and the other drawing air from the exterior. A control algorithm could then be used to operate a motorized damper that changes the air source depending on the temperature differential between the TBZ and the exterior.
For all tests, the outdoor unit was located in the guard box TBZ which was not connected to the Apartment. Had the outdoor unit of the ASHP been moved into the Balcony for the TBZ tests, the influence of the temperature drawdown by the compressor on the Balcony heat gains from the Apartment could have been observed. Since the TBZ was separate from the Balcony, this aspect of the model could not be calibrated. Instead, the Balcony temperature was allowed to float. However, the energy model was capable of simulating the heat flows associated with this arrangement, so this will be explored in future modeling efforts.
The primary goal for developing and calibrating an energy model was to extend the suite-based laboratory testing to a whole-building model in the future. Had the calibrated model functioned as intended, the energy savings associated with replacing traditional hydronic and electric baseboards with suite-based ASHPs operating in TBZs 23 could easily be estimated for different buildings in different locations. An alternative method of estimating these energy savings is proposed in Section 6.
Future Work
Aside from developing the source code necessary to model the variable-speed ASHP operating in a TBZ, the authors propose the development of a tool that can apply factors to the energy consumption outputs of an energy model to approximate the effect of the inter-zonal ASHP.
In this proposed method, the Apartment heating load and solar gains to the Balcony will be simulated using the energy modeling software. The COP of the ASHP will be derived from the trends observed in the laboratory and the Balcony temperature produced by the energy model. Then, the heat losses between the Apartment and the Balcony, and the Balcony and the exterior, can be calculated based on these zone and exterior temperatures.
Assuming no heat transfer between adjacent apartments, the heat lost from the Apartment to the Balcony must equal to the sum of the rate of internals gains in the Apartment plus the heat delivered by the ASHP. Using the COP based on the Balcony temperature, the energy input to the ASHP can be determined as a proportion of the apartment heating energy consumption. Finally, the new Balcony temperature can be calculated based on the energy balance of that zone. By conducting this analysis over a 24-hour period, electricity consumption reduction factors based on different solar heat gains and exterior temperatures can be established. Once applied to the energy consumption of the heaters throughout the building, an estimate of the whole-building energy consumption when operating ASHPs within TBZs can be determined.
Conclusions
Lower temperature ASHPs show promise for reducing the energy consumption required for heating and cooling in a cold climate such as Toronto. Many researchers have proposed alternative ASHP designs to improve cold temperature performance [9] [10][11] [14] . However, this study showed that the performance of an off-the-shelf ASHP could be improved by operating it in an innovative way by placing the outdoor unit in a TBZ. The specific 24 application contemplated here involves enclosing MURB balconies to create this TBZ while providing suite-based, demand-controlled space conditioning.
Laboratory testing of an ASHP operating in a TBZ was conducted across a range of exterior temperatures and TBZ heat gain rates to characterize performance trends. The rate of change of the COP with the temperature to which the outdoor unit was exposed was found to be the same in the laboratory as the manufacturer data suggested.
However, the COPs presented here are lower than the manufacturer data due to several factors including lower interior unit air flow rates. Also established were the required TBZ heat gain rates needed to improve the COP compared to exterior operation. These data can be used in future modeling work. Finally, the variance in the power consumption of the ASHP appears to be correlated with the temperature and the temperature variance to which the outdoor unit was exposed.
Attempts were made to model the laboratory test results so that these suite-level findings could be applied on a whole-building scale in the future. While a working EnergyPlus model was generated, the single-speed ASHP model could not be adequately calibrated to match all of the laboratory data derived from the operation of the variable-speed ASHP testing. Nevertheless, the model reasonably predicted the COPs and the balcony temperatures below 10°C. However, the model was not a good predictor of the TBZ temperatures.
In order to further the work presented here, the authors have proposed a hybrid approach to modelling this potential retrofit strategy on a whole-building level. The approach includes the development of a spreadsheetbased time series model that uses the solar gains from a whole-building energy model and the COPs from the laboratory data to modify suite-based heating loads by an energy consumption reduction factor. This approach can be used to determine the impact on energy-use of retrofitting an existing MURB with suite-based ASHPs operating in enclosed balconies. 
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